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I. Introduction
===============

Adult body height depends substantially on the length of the long bones. Bone development and longitudinal growth are highly complex developmental processes that are influenced by multiple environmental and genetic factors. For example, malnutrition and untreated infectious disease hinder growth. However, environmental factors account for a relatively small percentage of the height variation within a population. Instead, most of the variation is due to genetic and possibly epigenetic factors. Not surprisingly, defects in the genes involved in bone development can produce diseases with varied skeletal defects, altered bone growth, and stature below or above the mean.

Short stature is a descriptive term indicating height that is significantly below the average of the general population for that person\'s age and sex. More precisely, short stature is statistically defined as 2 SD below the mean population height for age and sex (less than the third percentile) or, when evaluating shortness in relation to family background, more than 2 SD below the midparental height ([@B1]). It affects approximately 3% of children worldwide and is therefore a condition for which clinical attention is frequently sought during childhood. This is appropriate because growth failure may be an early sign of serious renal, gastrointestinal, endocrine, or genetic disease.

More than 150 genes are known to be involved in the etiology of syndromes characterized by short stature ([@B2][@B3][@B4], [@B81]). Genetic abnormalities associated with short stature include major chromosomal rearrangements, large-scale deletions or loss of a whole chromosome, and point mutations, small deletions or insertions, or copy number variation in key genes involved in bone development. Examples include mutations to SOX9 (MIM: 608160) ([@B6]), COL2A1 ([@B7]), and FGFR3 (MIM: 134934) ([@B8], [@B9]). (For a list of genes whose mutations are associated with short stature, we redirect the reader to the following reviews: Refs. [@B2], [@B4], [@B5], [@B10], and [@B11].) However, such known mutations appear to explain only a small percentage of growth failure cases; a high percentage of clinical conditions with short stature cases remains idiopathic. The identification of underlying gene defects in such cases will be crucial for more accurate diagnosis of growth disorders and for the development of novel tailored clinical interventions.

II. The *SHOX* Gene
===================

A. Identification of *SHOX*
---------------------------

Numerous studies indicate a fundamental role of human sex chromosomes in height determination. For example, complete loss of the X chromosome causes the short stature and other abnormalities found in patients with Turner syndrome (TS) (MIM: 313000) ([@B12]). Deletions of the short arm of the X chromosome and the short arm of the Y chromosome ([@B12][@B13][@B14]) including the pseudoautosomal region 1 (PAR1) have also been consistently linked with short stature ([@B15]).

On the basis of these studies, PAR1 was proposed as a candidate region containing a key genetic locus involved in growth determination. Recombination frequency in this region in males is very high ([@B16], [@B17]). Genes residing in this region escape X inactivation (the process by which one of the X chromosomes is rendered genetically silent), and therefore two active copies of the genes are required for normal physiological function. Consequently, short stature phenotypes were considered to arise as a result of haploinsufficiency of the critical short stature gene in PAR1 ([@B12], [@B14], [@B15]). Deletion mapping of short stature patients with chromosomal aberrations narrowed down a critical interval, in proximity to the telomeric end of the short arms of the sex chromosomes, that was deleted in these patients ([@B18]). Subsequent cDNA and exon amplification within this region identified a novel homeobox gene, which was termed *SHOX* (MIM: 312865) for short stature homeobox-containing gene on chromosome X, and suggested to segregate with the short stature phenotype observed in these patients ([@B12], [@B19]). At about the same time, another group independently identified the same gene using a complementary approach based on a yeast artificial chromosome encompassing the 700-kb critical interval. The gene was named *PHOG*, for pseudoautosomal homeobox-containing osteogenic gene ([@B20]). Rao et al ([@B19]) provided the final proof for a role of *SHOX* in linear growth by screening individuals with idiopathic short stature (ISS) and identifying a point mutation (c.583CvT) leading to a premature stop codon (p.Arg195\*) in exon 5 of *SHOX* in one patient. Pedigree analysis of the patient\'s family showed that the mutation cosegregated with the short stature phenotype in all affected members of the family ([@B19]).

After its discovery, a number of studies linked *SHOX* mutations to the short stature and the skeletal defects associated with Léri-Weill dyschondrosteosis (LWD) (MIM: 127300), Langer mesomelic dysplasia (MIM: 249700), and TS (MIM: 313000). Moreover, the association between SHOX deficiency and the short stature phenotype in a significant fraction of short individuals previously described as idiopathic became apparent, making mutations of this gene the most common genetic defect leading to short stature in humans. The clinical implication of *SHOX* mutations, therapeutic interventions, and clinical indicators of SHOX deficiency will be discussed in more detail below.

B. SHOX gene structure
----------------------

The *SHOX* gene (MIM: 312865) spans approximately 40 kb, about 500 kb from the telomeres of sex chromosomes. Initial characterization of *SHOX* revealed seven exons encoding two alternatively spliced transcripts termed *SHOXa* and *SHOXb*. The two transcripts, which are identical at the 5′ end but differ in the final exon (6a vs 6b) at the 3′ end ([@B19]), are translated into distinct protein isoforms of 292 (SHOXa) and 225 (SHOXb) amino acids. However, the *SHOX* genomic structure has been extended recently to include four additional exons (2a, 7--1, 7--2, and 7--3) that encode novel SHOX isoforms ([Figure 1](#F1){ref-type="fig"} and below) ([@B21]).

![The *SHOX* gene. The *SHOX* gene maps to 505--527 kb from the telomere of the sex chromosomes on Xp22.33 and Yp11.32 and spans approximately 40 kb. It is composed of nine exons that produce two main transcripts, *SHOXa* and *SHOXb*, of different length. The two transcripts contain a DNA sequence called a homeobox that encodes the homeodomain, a conserved DNA-binding domain that characterizes the family of the homeodomain-containing transcription factors. Alternative SHOX isoforms are also formed by alternative splicing of the exons. The function of these isoforms is not entirely clear, but they may be involved in the spatiotemporal regulation of *SHOX* expression and activity (see also Section II C). Exon 7 variants are found to be exclusively expressed in fetal neuro-tissues arguing for a specific role of these variants during brain development. The different mRNAs are predicted to lead to peptides of different length. Tel, telomere.](zef0041629290001){#F1}

Sequence alignments identified *SHOX* as a member of the *Paired*-like homeobox-containing genes ([@B19], [@B20]). This family codes for transcription factors containing a characteristic 60-amino acid DNA-binding domain called the homeodomain. Homeobox genes regulate pattern formation and organogenesis during both vertebrate and invertebrate embryogenesis and development ([@B22], [@B23]). They can function as both transcriptional activators and repressors in regulating the temporal and spatial expression of different target genes. *SHOX* has high similarity to the human *SHOX2* gene and its mouse ortholog *Shox2* ([@B24]). *SHOX* is present in most vertebrate species including chimpanzee, dog, chicken, frog, and fish, with the notable exception of rodents, where the gene was lost during evolution ([@B25]).

C. *SHOX* gene expression
-------------------------

### 1. Human

Expression studies revealed a clear difference in the expression pattern of the *SHOX a* and *b* isoforms. Whereas both are expressed predominantly in bone marrow fibroblasts, *SHOXa* is also expressed in several other tissues ([@B19]). More recently, analysis of the *SHOX* expression pattern in embryonic, fetal, and adult tissues---by real-time PCR (RT-PCR) coupled with sequence validation---revealed *SHOX* expression in multiple fetal (muscle, skin, intestine, eye, brain, spinal cord) and adult tissues, with the strongest expression in placenta, skeletal muscle, bone marrow, and adipose tissue ([@B21]). In addition, weak expression was detected in fetal and adult brain regions including the cerebellum, thalamus, and basal ganglia, implying a yet uncharacterized role for SHOX in brain development ([@B21]). In particular, the newly identified exon 2a was detected in several fetal and adult brain tissues, with the strongest expression in fetal eye and brain, and in adult bone marrow and skeletal muscle, whereas the three exon 7-containing splice variants were only detected at higher abundance in fetal brain tissues. The exact role of these novel SHOX isoforms remains to be deciphered, but their involvement has been postulated in the developmental and tissue-specific regulation of *SHOX* expression ([@B21]).

In situ hybridization studies on human embryos revealed a spatiotemporally restricted expression pattern of *SHOX*. Expression in the developing limbs is detected at Carnegie stage (CS) 14 as a broad band across the middle part of the limb (CS14 roughly corresponds to 5 weeks after conception). During condensation and chondrification, the expression becomes more pronounced around the precartilaginous anlagen of the elbow. When the various bones of the arm can be identified (at CS21), *SHOX* expression is still mainly confined to the middle portion of the arm, around the distal ends of the humerus, radius, and ulna, and in a few bones of the wrist. Analogously, the results of *SHOX* in situ hybridization on the lower limbs resembled the expression pattern described for the upper limb development. *SHOX* is also present in the first and second pharyngeal arches ([@B25]) that give rise to the maxilla, mandible, and some bones of the ear. Remarkably, TS and LWD patients with SHOX deficiency display skeletal defects in the same anatomical structures in which *SHOX* is expressed---forearm and lower legs as well as the maxilla, mandible, and external ear tract---providing clinical evidence for the role of SHOX in development of these structures ([@B25]). *SHOX2* is also expressed in limbs, but in a more proximal position than *SHOX* ([@B25]). In addition, *SHOX2* transcripts are detected in the developing heart ([@B24][@B25][@B26]).

### 2. Chicken

Similar to the human embryo expression pattern, chicken embryo *Shox* expression is observed in the central regions of early limb buds and is restricted to the distal two-thirds of the limb in later stages of development ([@B27]). These areas correspond to those affected in humans with SHOX deficiency. *Shox* is also expressed in connective tissue around cartilage and muscle, in a layer of cells below the dermis, and in the branchial arches, nervous system, and vasculature. The expression pattern of *Shox2* in chicken limb buds also resembles that in humans and is confined mostly to the proximal third of the limb bud. Also similar to human embryos, chicken embryo *Shox2* expression overlaps that of *Shox* only in the proximal limb bud ([@B27]). Given these similarities, the chick embryo has become a model system for studying the functions of both *Shox* and *Shox2* in limb development ([@B28][@B29][@B31]).

### 3. Zebrafish

Studies on zebrafish, which also express both *Shox* and *Shox2*, confirmed an important role for *Shox* in embryonic growth and bone formation because morpholino-mediated silencing of *Shox* resulted in significant growth retardation (reduced somite number and body length) and decreased ossification in anterior vertebrae and a subset of craniofacial bones ([@B32]). *Shox* was expressed in a variety of zebrafish tissues and organs from embryonic to adult stage, including blood, heart, hatching gland, pharyngeal arch, olfactory epithelium, and fin bud. The predominant domains of *Shox* expression were mandibular arch, pectoral fins, anterior notochord, rhombencephalon, and mesencephalon, suggesting that Shox is involved in both bone and neural development ([@B32], [@B33]). Given that the osteogenic role of *Shox* appears to be conserved throughout evolution from fish to human, the zebrafish model may be a valuable tool to characterize SHOX functions by facilitating identification of *SHOX* gene expression regulators, SHOX-interacting proteins, and SHOX target genes and should therefore be explored further.

### 4. Rodents

*Shox* does not exist in rodents. Because rodents do not harbor *Shox*, but harbor only *Shox2*, *Shox2* may have assumed the functions of both *SHOX* and *SHOX2* (MIM: 602504) in these animals ([@B34]). Mice homozygous for the deleted *Shox2* allele die during embryogenesis between embryonic day 11.5 (E11.5) and E14.5 ([@B35], [@B36]) or at E17.5 ([@B37]) due to aberrant formation of the sinoatrial node. These abnormalities lead to cardiovascular defects such as severe pacemaking and conduction deficiencies, indicating that Shox2 plays a critical role in heart development. The lethal mouse phenotype caused by *Shox2* deletion provides a potential explanation for why homozygous SHOX2 deficiency has not been observed in any known human syndrome. Studies with conditional *Shox2* knockout mouse models revealed that Shox2 also plays a critical role in the normal development of the proximal vertebrate limb because its genetic ablation results in severe shortened stylopodial elements (humerus and femur) ([@B34]). *Shox2* is expressed in growth plate chondrocytes and in the perichondrium, and its removal from limb results in delayed chondrogenesis responsible for the dwarf phenotype observed ([@B38]). Shox2 regulates chondrocyte maturation by modulating *Runx2* transcription ([@B34], [@B39]), a function that exerts in concert with Hox family members ([@B38]) (see also section IV D).

*Shox2/SHOX2* expression in chicken and human is mainly found to the stylopodial elements and juxtaposes the expression pattern of *Shox/SHOX* that is instead mainly found in the zeugopodial elements (radius/ulna and fibula/tibia) ([@B25], [@B27]). *Shox2* in mice is instead expressed in both the developing stylopodial and zeugopodial elements ([@B34], [@B39]). Therefore, it has been proposed that the extended expression of *Shox2* is one of the mechanisms that mice have evolved to compensate for the lack of *Shox* in the developing forelimb ([@B38]).

A number of studies indicate that Shox2 is also required for the control of other development processes, including the development of nerves and muscles in the forelimb ([@B40]), palate ([@B37]), temporomandibular joint ([@B41]), facial motor nucleus and facial nerves ([@B42]), mechanosensory neurons of the dorsal root ganglia ([@B43]), and dorsal cerebellum ([@B42]). In addition, *SHOX2* is also expressed in human and mouse sc adipocytes, where it is involved in the regulation of lipolysis by controlling the expression of the β3 adrenergic receptor encoding gene. Specific disruption of *Shox2* in adypocytes protected mice from high fat diet-induced obesity ([@B44]).

D. Mechanisms underlying *SHOX* regulation at the transcriptional and post-transcriptional level
------------------------------------------------------------------------------------------------

*SHOX* expression is restricted to certain compartments during specific phases of development, implying a tight spatiotemporal regulation. Several layers of complexity have emerged for regulating *SHOX* gene expression, including alternative promoters, alternative exons, and cis-regulatory sequences (enhancers) positioned up- and downstream of the transcription unit.

### 1. Alternative promoters

Two alternative promoters, P1 and P2, were reported to control *SHOX* expression at the transcriptional level. The two promoters generate two classes of mRNA that encode identical proteins but differ in their 5′ untranslated region (UTR) by the presence of seven AUG codons upstream of the SHOX open reading frame. The transcripts containing these seven AUG elements are translated with reduced efficiency, providing an interesting mechanism of regulation of SHOX protein levels not only at the transcriptional but also at the translational level ([@B45]). The two promoters may be alternatively used in response to different physiological situations, thereby contributing to the fine-tuned regulation of the levels and tissue specificity of SHOX expression. However, the circumstances under which one promoter is preferred over the other and the molecular mechanisms controlling their individual activity remain to be deciphered.

### 2. Enhancer elements

Cis-acting regulatory elements often influence the spatiotemporal expression of genes involved in embryonic development and differentiation. These noncoding DNA sequences enhance or repress gene transcription and may be located near the protein-coding region or at a considerable distance from it (up to 2 million base pairs away) ([@B46]). Generally, these regulatory elements are conserved throughout evolution because of their importance in transcriptional regulation ([@B47]). Disruption leading to haploinsufficiency has been reported in a number of human syndromes ([@B48]). Several conserved noncoding elements (CNEs), four downstream ([@B31], [@B49], [@B50]) and three upstream (with a distance of 200 and 250 kb of the *SHOX* gene, respectively) ([@B30]), have been identified within PAR1 ([Figure 2](#F2){ref-type="fig"}). These elements are conserved in all species in which *SHOX* is present. CNE-4 and CNE-5 also reside near the *SHOX* paralog *SHOX2* and were presumably duplicated together with the coding sequence ([@B33]). They already exist in fugu, the most evolutionary distant vertebrate, suggesting functional significance.

![Mechanisms regulating SHOX gene expression. A, Alternative promoters. Two promoters, P1 and P2, control *SHOX* expression. These promoters produce transcripts that differ in their 5′-UTR: P1 produces transcripts containing seven untranslated AUG codons, whereas P2 transcripts lack these regulative elements. The two types of mRNA are translated with different efficiency, thereby contributing to the fine-tuned regulation of the levels and tissue specificity of SHOX expression. B, Enhancer elements. Evolutionarily conserved regions in PAR1 identified in different studies. CNE, highly evolutionarily conserved noncoding DNA elements ([@B30], [@B31], [@B162]); ECR, evolutionarily conserved sequence ([@B29]); ECS, evolutionarily conserved sequence ([@B5], [@B49]). The upper horizontal line indicates the physical distance from Xp/Yp telomere (Tel;hg19,build37). Genomic positions: SHOXa (NM_000451.3), chrX:585, 079-607558; CNE-2, chrX:516, 610-517229; CNE-3, chrX:460, 279-460664; CNE-5, chrX:398, 357-398906; CNE-4, chrX:714, 085-714740; CNE-5, chrX:750, 825-751850; ECR1, xhrX:780, 580-781235; and CNE-9/ECS4, chrX:834, 746-835548 (Tel;hg19,build37). C, Splice variants. Different isoforms are generated by the *SHOX* gene through alternative splicing. Addition of exon 7 can be either attached directly to exon 5 and therefore become a part of the open reading frame or elongates the 3′-UTR of the SHOX transcript. The different 3′-UTR may be subjected to alternative microRNA-mediated regulation. Insertion of exon 2a leads to a premature stop codon in exon 3, which could lead to mRNA degradation. Exon III and IV contain the homeobox. Light gray boxes indicate untranslated regions; dark gray boxes depict open reading frame.](zef0041629290002){#F2}

The function of these CNEs as enhancers of *SHOX* transcription has been demonstrated in human cells ([@B49], [@B50]), in chicken limb buds ([@B30], [@B31], [@B50]), and in zebrafish ([@B33]), suggesting that they may play a similar role in the regulation of *SHOX* expression during bone development in different species. In addition, several CNEs have also been shown to regulate *shox* expression in zebrafish brain and muscle tissue ([@B33]). In *Section V.E*, we will discuss the involvement of these regions in *SHOX*-related diseases.

### 3. Alternative exons

We have already cited the existence of several SHOX splice variants generated by alternative usage of *SHOX* exons. The mRNAs encoding these SHOX isoforms differ in the 3′-UTR region, and therefore their expression may be subject to diverse microRNA regulation. In addition, they encode SHOX isoforms (eg, SHOXb) that contain the same homeodomain of SHOXa but lack the protein transactivation domain (encoded by exon 6a) and are therefore unable to activate transcription. These isoforms might act as negative regulators of SHOXa by competing for the same DNA consensus sequences or by dimerizing with the active protein. The mechanisms regulating *SHOX* gene expression are summarized in [Figure 2](#F2){ref-type="fig"}.

III. The SHOX Protein
=====================

The two proteins, SHOXa and SHOXb, share many of the features described below because SHOXb is identical to SHOXa in its first 211 amino acids and lacks only the C-terminal portion. Because all functional studies performed on SHOX so far have focused on SHOXa, this section refers to this isoform (hereafter referred to as SHOX).

A. SHOX is a transcription factor
---------------------------------

SHOX is characterized by the presence of a homeodomain that is identical to the homeodomains of both SHOX2 and its mouse ortholog Shox2 ([@B24]). The homeodomain is composed of three helices. Helices I and II are antiparallel to each other, and helices II and III form a helix-turn-helix motif that is separated from helix I by a loop ([@B22], [@B51]). Helix III of the homeodomain (also called the recognition helix) contacts the DNA major groove, whereas its flexible N terminus inserts into the minor DNA groove ([@B22], [@B52], [@B53]).

First insights into the biological role of SHOX derived from studies of osteogenic (U2OS-TRex) and embryonic kidney (HEK 293-TRex) stable cell lines in which SHOX expression was under a Tet-on/Tet-off inducible system. The activities of wild-type SHOX were compared with those of a C-terminally truncated version (SHOX L185X, termed SHOX-STM) that resembled a SHOX mutant previously identified in individuals with LWD or ISS (c.583C\>T) ([@B19], [@B25], [@B54][@B55][@B58]).

Transient transfection experiments showed that both wild-type SHOX and SHOX-STM localized in an unevenly distributed focal pattern within the nucleus of all cell lines analyzed (human U2OS and HEK-293, simian Cos7, and murine NIH 3T3) ([@B51]). Within the nucleus, colocalization studies indicated that SHOX did not colocalize with nucleoli, centromeres, or the basic transcription factor TFIIH. Therefore, the nature and composition of SHOX foci remain to be characterized. Experiments with a green fluorescent protein (GFP)-tagged version of *SHOX* (*SHOX-GFP*) also confirmed SHOX nuclear localization, which is consistent with its role as a transcription factor.

After screening an oligonucleotide random library (using systematic evolution of ligands by exponential enrichment), putative SHOX recognition sequences were isolated and amplified using PCR. SHOX binding to these DNA sequences was confirmed by electromobility shift assays. Similar to other paired-like homeodomain proteins ([@B59]), SHOX preferentially binds to palindromic motifs of the type 5′-TAAT(N)~2--3~ATTA, referred to as P2 or P3 elements, according to the number of nucleotides that separate the palindromic half-sites. Many homeodomain proteins, especially those of the paired-like class, exert their function by a cooperative dimerization during DNA binding ([@B60]). Consistent with this, SHOX is able to bind to DNA as both a monomer and a homodimer ([@B51]). The formation of SHOX homodimers was also confirmed by yeast two-hybrid system studies using SHOX as both bait and prey ([@B51]). Finally, SHOX-responsive elements were cloned in front of a Simian virus 40 minimal promoter that controlled expression of a luciferase reporter gene. Transient transfection of this plasmid in SHOX or SHOX-STM U2OS and HEK293 stable cell lines demonstrated that SHOX acts as a transcriptional activator of the luciferase reporter gene in osteosarcoma U2OS cells but not in HEK293 cells, suggesting that cell type-specific cofactors present in osteogenic cells are required for the transcriptional activity of SHOX ([@B51]).

B. SHOX functional domains
--------------------------

Missense mutations within the homeodomain that lead to amino-acid substitutions have been described in individuals with LWD or ISS. Nine different SHOX missense mutations within the homeodomain of LWD or ISS patients were analyzed functionally and shown to cause decreased SHOX biological function by affecting DNA binding, dimerization, and/or nuclear translocation ([@B61]). These studies helped to unravel important functional domains of the SHOX protein ([Figure 3](#F3){ref-type="fig"}A) and provided an explanation at the molecular level for the clinical conditions present in patients with LWD and ISS ([@B61][@B62][@B63]).

![SHOX at a glance. A, Functional domains. Schematic view of the SHOX protein and its main functional domains. HD, homeodomain; NLS, nuclear localization signal; OAR, transactivation domain; N, N terminus; C, C terminus. B, SHOX interactome. The cellular factors known to interact with SHOX or mediate its cellular functions are depicted as a network.](zef0041629290003){#F3}

### 1. Nuclear localization signal

Mutations in the amino acids A170 and R173 (p.A170P, p.R173C, and p.R173H), which have been found in three different families with LWD ([@B61], [@B62], [@B64][@B65][@B67]), resulted in an aberrant localization of SHOX in the cytoplasm ([@B61], [@B68]). Study of these mutant SHOX proteins led to discovery of the SHOX nuclear localization signal, which resides within the recognition helix of the homeodomain and represents a basic, nonclassical signal defined by the five amino acids AKCRK ([@B68]). All three LWD missense mutations altered this SHOX nuclear localization signal. Insertion of the AKCRK motif adjacent to the mutated amino acids restored the ability of SHOX proteins to translocate into the nucleus. Because SHOX must first translocate into the nucleus to exert its function as a transcription factor, these studies establish the impairment of nuclear localization as a mechanism underlying SHOX-related diseases ([@B68]).

### 2. SHOX dimerization domain

Several different SHOX homeodomain missense mutations found in patients with LWD and ISS were shown to diminish the dimerization ability of the SHOX protein (ie, p.L132V, p.R168W, p.A170P, and p.R173H), thus indicating involvement of the homeodomain in dimerization ([@B61]). Such mutations are thought to impair SHOX transcriptional activity by impairing the ability of the protein to form dimers.

### 3. SHOX transactivation domain

A truncated version of the SHOX protein (p.L185X) was unable to activate transcription in osteosarcoma U2OS cells, indicating that the C-terminal portion of the protein, which harbors an OAR (otp, aristaless, and rax) transactivation domain ([@B69][@B70][@B71]), is necessary for the transcriptional activity of SHOX. Because the SHOXb isoform lacks this region, it was suggested that this protein is inactive as a transcriptional activator. On the other hand, by sharing the same homeodomain, SHOXb can bind to the same DNA sequences as SHOXa and may therefore form heterodimers with SHOXa and modulate its activity ([@B51]).

In addition, one SHOX missense mutation within the homeodomain (p.R153L), which was reported to segregate with disease in at least four independent families, was also unable to activate transcription despite the mutated protein\'s ability to enter the nucleus, bind to DNA, and dimerize with similar efficiency to wild-type protein ([@B61]). These results suggest that the homeodomain itself contributes to the transactivation activity of SHOX.

### 4. SHOX phosphorylation site

SHOX is multiphosphorylated in vivo exclusively on serine residues, with Ser106 being the major SHOX phosphorylation site ([@B63]). Phosphorylation modulates the biological function of SHOX because substitution of A at S106 impaired its transcriptional activation capacity without affecting its nuclear localization and DNA-binding ability ([@B63]).

Ser106 and its adjacent residues Glu107, Asp108, and Glu109 represent a canonical phosphorylation consensus site (SEDE) of casein kinase II (CKII) that preferentially phosphorylates serine in acidic residue-rich regions. Consistent with this observation, CKII was shown to be involved in SHOX phosphorylation because the kinase efficiently phosphorylated SHOX on Ser106 in vitro and CKII-specific inhibitors strongly reduced SHOX phosphorylation in SHOX-expressing cells in vivo. Two SHOX variants harboring missense mutations in Ser106 (c.317\>G leading to p.S106W) or in the CKII phosphorylation consensus site (c.325G\>T leading to p.E109Q) have been detected in LWD individuals (<http://www.shox.uni-hd.de>). Most likely these mutants are defective in phosphorylation and thereby transcriptionally inactive.

IV. SHOX-Related Pathways
=========================

A. SHOX is expressed in the growth plate
----------------------------------------

Adult body height depends substantially on the length of the long bones. Long bone elongation occurs in the growth plate, a thin layer of cartilage entrapped between the epiphyseal and metaphyseal bone surrounded by the perichondrium, a layer of dense connective tissue that separates the developing skeletal elements from the surrounding mesenchyme ([@B72]).

The growth plate is a highly organized structure that can be subdivided into three distinct layers: the resting, proliferative, and hypertrophic zones ([@B73]). Each zone contains chondrocytes at a different stage of differentiation. The resting zone closest to the epiphysis consists of undifferentiated resting chondrocytes, directly derived from mesenchymal stem cells, displaying a typically round phenotype. These cells are rich in lipid, implying nutrient storage potential. They border the proliferative zone and function as precursor cells, generating new clones of rapidly proliferating chondrocytes that undergo several rounds of cell division in a column-wise orientation along the longitudinal axis of the growth plate. Proliferating chondrocytes secrete large amounts of matrix components, such as collagen type II, IX, and XI (MIM: 120140, 120120, 120280), and the proteoglycan aggrecan (MIM: 155760), whose formation is stimulated by up-regulation of the transcription factor SOX9 (MIM: 608160) ([@B74]).

At a certain stage, chondrocytes of the proliferative zone stop dividing and become hypertrophic, increasing their size 6- to 10-fold. They secrete large amounts of extracellular matrix rich in type X collagen (MIM: 120110) ([@B72]). Furthermore, these terminally differentiated chondrocytes express additional molecular markers such as vascular endothelial growth factor (MIM: 192240) and matrix metalloproteinase 13 (MIM: 600108). Vascular endothelial growth factor stimulates vascularization, whereas matrix metalloproteinase 13 serves to degrade the extracellular matrix proteins, thus facilitating vascular invasion ([@B75]).

The growth plate is the engine of longitudinal bone elongation---a coordinated process of mesenchymal condensation and chondrocyte proliferation, maturation, and hypertrophy, followed by vascular invasion and migration into the growth plate of osteoblasts and other bone marrow cell types, which together produce longitudinal bone growth ([@B73]). The list of factors that regulate growth plate physiology has been greatly enlarged, along with the fast technological development of the recent years in particular with the introduction of whole-genome single nucleotide polymorphism (SNP) arrays, array-comparative genomic hybridization, and whole-exome sequencing for the detection of gene variants that affect bone development and linear growth ([@B2], [@B76][@B77][@B81]). Studies of transgenic mice have provided functional insights into the role of some of these factors as molecular drivers of endochondral bone ossification. Multiple hormones, paracrine factors, extracellular matrix molecules, and intracellular proteins govern in a coordinated fashion the activity of growth plate chondrocytes through a wide variety of mechanisms. In this section, we will mainly focus on those factors and mechanisms that have been directly or indirectly linked with SHOX and SHOX pathways ([Figure 3](#F3){ref-type="fig"}B and [Table 1](#T1){ref-type="table"}). For other regulatory systems and signaling cascades that regulate the complex process of endochondral ossification, we redirect the readers to excellent reviews on this topic ([@B4], [@B72], [@B73], [@B77], [@B82]). In general, among the hormones that modulate linear growth are the GH, IGFs, thyroid hormone, glucocorticoids, estrogens, and androgens ([@B4], [@B83][@B84][@B85]). Chondrocytes in the growth plate and to a lesser extent cells in the adjacent perichondrium modulate longitudinal bone growth by secreting an array of paracrine signaling molecules---such as retinoic acid (RA) ([@B86]), Indian hedgehog (MIM: 600726) ([@B73], [@B87]), PTHrP (MIM: 158470) ([@B73]), bone morphogenetic proteins (BMPs) (MIM: 604444) ([@B88], [@B89]), wingless-type mouse mammary tumor virus (MMTV)-integration site family members ([@B90], [@B91]), fibroblast growth factors (FGFs) ([@B92]), C-type natriuretic peptide (CNP) (MIM: 600296) ([@B93][@B94][@B95]), and proinflammatory cytokines such as TNF, IL-1β, and IL-6 ([@B84], [@B96]). These molecules, together with their receptors, control growth plate physiology by activating multiple signaling pathways ([@B82]). Furthermore, chondrocytes secrete cartilage extracellular matrix rich of collagens (eg, collagen type II and X), noncollagenous proteins (eg, byclan and decorin), and proteoglycans (eg, aggrecan), which also play important roles in growth plate regulation ([@B97]). A variety of transcription factors are also pivotal for chondrocyte differentiation ([@B82]). Notable examples include: SRY (sex-determining region Y) (MIM: 480000), SRY-box 9 (SOX9) (MIM: 608160), runt-related transcription factor 2 (RUNX2) (MIM: 600201), forkhead box A2 (FOXA2) (MIM: 600288), and members of the nuclear factor κB family ([@B4], [@B73], [@B82]). The coordinated network of signaling cascades that govern the temporal- and site-specific expression of these genes is only beginning to be elucidated ([@B82]). Not surprisingly, alterations of many of the genes involved in growth plate regulation can produce diseases characterized by skeletal defects, altered bone growth, and stature below or above the mean, indicating that linear growth disorders are disorders of growth plate chondrocytes recently reviewed in Baron et al ([@B4]) and Wit et al ([@B3]).

###### 

SHOX Interacting Proteins, Cellular Targets, and Modulators of Activity

  Category                         Gene/Cell Factor                                   Abbreviation   Model System                                       Interaction With SHOX                                                               First Author, Year (Ref.)
  -------------------------------- -------------------------------------------------- -------------- -------------------------------------------------- ----------------------------------------------------------------------------------- -----------------------------
  Upstream regulators              Retinoic acid                                      RA             Chicken embryos                                    Regulates *Shox* expression negatively                                              Tiecke, 2006 ([@B27])
                                   Bone morphogenetic protein 4                       BMP4           Chicken embryos                                    Regulates *Shox* expression negatively                                              Tiecke, 2006 ([@B27])
                                   Fibroblast growth factor 1                         FGF1           Chicken embryos                                    Regulates *Shox* expression negatively                                              Tiecke, 2006 ([@B27])
                                   Homeobox A9                                        HOXA9          Human cell lines, chicken micromass chicken buds   Binds to the *SHOX* promoter, regulates expression negatively                       Durand, 2012 ([@B126])
  Physical interacting proteins    Casein kinase 2, α 1 polypeptide                   CSNK2A1        Human cell lines                                   Involved in SHOX phosphorylation                                                    Marchini, 2006 ([@B63])
                                   SRY (sex determining region Y)-box 5               SOX 5          Human cell lines and growth plate                  Forms a complex with SHOX together with SOX6 and SOX9                               Aza-Carmona, 2011 ([@B113])
                                   SRY (sex determining region Y)-box 6               SOX6           Human cell lines and growth plate                  Forms a complex with SHOX together with SOX5 and SOX9                               Aza-Carmona, 2011 ([@B113])
                                   SRY (sex determining region Y)-box 9               SOX9           Human cell lines and growth plate                  Forms a complex with SHOX together with SOX5 and SOX6                               Aza-Carmona, 2011 ([@B113])
                                   Short stature homeobox 2                           SHOX2          Human cell lines                                   Forms heterodimers with SHOX                                                        Aza-Carmona, 2014 ([@B118])
  Transcriptional direct targets   Natriuretic peptide B                              NPPB           Human cell lines and growth plate                  Up-regulated by SHOX, co-expression                                                 Marchini, 2007 ([@B103])
                                   Fibroblast growth factor receptor 3                FGFR3          Human cell lines and chicken micromass             Down-regulated                                                                      Decker, 2011 ([@B28])
                                   Connective tissue growth factor                    CTGF           Human cell lines and growth plate                  Up-regulated, co-expression                                                         Beiser, 2014 ([@B119])
  Cellular mediators               Cyclin-dependent kinase inhibitor 1A (p21, Cip1)   CDKN1A         Human cell lines                                   Up-regulated in SHOX-expressing cells; involved in SHOX-induced cell cycle arrest   Marchini, 2004 ([@B98])
                                   Cyclin-dependent kinase inhibitor 1B (p27, Kip1)   CDKN1B         Human cell lines                                   Up-regulated in SHOX-expressing cells; involved in SHOX-induced cell cycle arrest   Marchini, 2004 ([@B98])
                                   Tumor protein p53                                  TP53           Human cell lines                                   Up-regulated in SHOX-expressing cells                                               Marchini, 2004 ([@B98])
                                   Retinoblastoma-like2 (p130)                        RBL2           Human cell lines                                   Up-regulated in SHOX-expressing cells                                               Marchini, 2004 ([@B98])
                                   Cathepsin B                                        CTSB           Human cell lines                                   Mediators of SHOX-induced cell death                                                Hristov, 2014 ([@B101])
                                   Reactive oxygen species                            ROS            Human cell lines                                   Mediators of SHOX-induced cell death                                                Hristov, 2014 ([@B101])
                                   Reactive nitrogen species                          RNS            Human cell lines                                   Mediators of SHOX-induced cell death                                                Hristov, 2014 ([@B101])

To provide further direct evidence of an involvement of SHOX in human bone development, the SHOX expression pattern in fetal (22 weeks gestation) and pubertal (12, 13, and 15 years) human growth plate sections was analyzed by immunohistochemistry. SHOX was detected in the growth plate, particularly in terminally differentiated hypertrophic chondrocytes and, to a lesser extent, in chondrocytes of the resting and proliferative zones. In contrast, SHOX was not expressed in osteoblasts and osteoclasts, suggesting that it does not play a role in these bone cells ([@B98]). Munns et al ([@B99]) also observed SHOX in human growth plate chondrocytes from 12 weeks gestation until late childhood. These same authors described a highly disordered organization of radial growth plates in LWD patients undergoing surgery for Madelung deformity with disruption of the normal parallel columnar arrangement of chondrocytes ([@B100]), indicating abnormal endochondral ossification.

The presence of SHOX in the human growth plate, and in particular in chondrocytes of the hypertrophic region, suggests that SHOX may be involved in the developmental pathway that regulates chondrocyte proliferation and maturation.

B. SHOX is a modulator of cell proliferation and apoptosis
----------------------------------------------------------

The first hints at the in vivo function of SHOX came from cell culture studies. In human osteosarcoma U2OS stable cell lines expressing SHOX in an inducible manner, SHOX-expressing cells were observed to grow more slowly than noninduced cells and stopped proliferating 4 days after SHOX induction. SHOX-expressing cells displayed dramatic morphological changes such as an enlarged and more differentiated phenotype with typical protrusions and multinucleation; a large fraction of cells contained two or more nuclei of equal size, most likely due to defective cytokinesis. After prolonged SHOX expression, a consistent fraction of cells detached from the culture dish and died. Flow cytometry analysis showed that SHOX-expressing U2OS cells were arrested in the G2/M phase of the cell cycle. This cell cycle arrest was associated with increased levels of the cyclin kinase inhibitors p21^Cip1^ and p27^Kip1^ and with alterations in the expression of other cell cycle regulatory factors such as p53, pRB, p107, and p130 ([@B98]).

The reduction in cell number after prolonged SHOX expression indicates that SHOX negatively affects cell viability. SHOX expression in U2OS cells triggers the intrinsic pathway of apoptosis characterized by mitochondrial outer membrane polarization (MOMP) and caspase activation ([@B98], [@B101]).

SHOX-induced cell cycle arrest and apoptosis were also confirmed in the pRB- and p53-deficient osteosarcoma Saos-2 cell line, indicating that these two proteins are not required for SHOX-induced cell cycle arrest and apoptosis (our unpublished results). Similar results were also obtained using normal nontransformed human cell cultures such as primary oral fibroblasts and primary chondrocytes. Conversely, the overexpression of SHOX harboring a missense mutation (p.R153L, detected in LWD), a C-terminal deletion (p.R185X, resembling a mutated SHOX found in LWD and ISS patients), or mutation within the phosphorylation site (p.S106A phosphorylation-defective mutant) did not affect cell viability. Because these three mutants are also inefficient in transcriptional activation, SHOX-mediated gene transcription was postulated to be necessary to trigger cell cycle arrest and apoptosis ([@B61], [@B63], [@B98], [@B101]).

In addition to triggering the intrinsic pathway of apoptosis, which is characterized by MOMP and caspase activation, SHOX expression was also associated with more acidic vesicles, and particularly lysosomes. SHOX induced partial rupture of lysosomal membrane integrity, leading to relocation of the active proteolytic form of cathepsin B from lysosomes to cytoplasm. Large amounts of cathepsin B (MIM: 116810) were also found in the culture medium, suggesting active secretion of the protease. By contrast, cathepsin L protein levels did not vary upon SHOX induction ([@B101]). Treatment of the cells with a specific cathepsin inhibitor (Ca074-Me) significantly protected the cells from SHOX-induced apoptosis, strongly suggesting that cathepsins (in particular cathepsin B) play a key role in this event. This finding is in agreement with other studies showing that cathepsins may participate in the induction of apoptosis ([@B102]). Furthermore, SHOX expression was found to be associated with oxidative stress characterized by intracellular accumulation of reactive oxygen species (ROS) and reactive nitrogen species (RNS). ROS and RNS are important mediators of SHOX-induced cell death because antioxidant treatment with N-acetyl-L-cysteine, reduced glutathione, or FeTPPS significantly reduced both SHOX-mediated lysosomal instability and SHOX-induced cell death. The mechanisms through which SHOX induces oxidative stress remain to be elucidated.

C. Transcriptional targets
--------------------------

To shed light on the transcriptional targets of SHOX, gene expression profiling studies of U2OS cells expressing SHOX or not (induced or not induced U2OS-SHOX stable cell line) were conducted. The most significantly up-regulated gene in SHOX-expressing cells was *NPBB*, which encodes brain natriuretic peptide (BNP) (MIM: 600295) (17-fold increase 24 hours after SHOX induction). SHOX activated the *NPBB* promoter in a dual luciferase reporter gene assay by binding specific SHOX-responsive elements within the regulatory region of the *NPBB* gene. Chromatin immunoprecipitation (ChIP) assay confirmed the direct binding of SHOX to the *NPBB* regulatory region. Furthermore, SHOX and BNP were coexpressed in the hypertrophic zone of human growth plate chondrocytes. Together, these results provided evidence that BNP is a downstream target of SHOX and may play an important role as a mediator of SHOX cellular functions in the growth plate ([@B103]) (discussed in section IV E).

After the initial discovery of *NPBB* as a cellular target of SHOX, other studies have sought to characterize the pathways and networks through which SHOX regulates bone growth. Using a similar approach to that for the discovery of *NPBB*---gene expression profiling of SHOX-expressing cell lines---Decker et al ([@B28]) identified *FGFR3* as a direct SHOX target gene. Numerous studies have demonstrated that FGF/FGF receptor (FGFR) signaling pathways play a critical role in regulating bone development, controlling the function of basically all skeletal cells, including chondrocytes, osteoblasts, and osteoclasts. They exert their activity closely interacting with other signaling pathways involved in the control of skeletal development and homeostasis, including Indian hedgehog, BMPs, CNP, PTHrP, wingless-related integration site proteins, SOXs, and RUNX2 pathways. These studies have been recently reviewed and therefore will not be covered here ([@B92]). The finding that SHOX takes part in the regulation of *FGFR3* transcription places SHOX at the center of this network of factors controlling bone growth.

It is known that gain-of-function mutations in *FGFR3* cause distinct skeletal syndromes including achondroplasia, hypochondroplasia, and thanatophoric dysplasia---all of which are marked by rhizomelic shortening of the limbs ([@B92], [@B104]) due to dysregulated endochondral ossification. Furthermore, Kant et al ([@B105]) have recently reported on a novel mutation in *FGFR3* causing proportionate short stature. On the contrary, heterozygous ([@B106]) and homozygous ([@B107]) inactivating *FGFR3* mutations cause tall stature associated with skeletal and nonskeletal defects. In agreement with these results, transgenic mice overexpressing activated *Fgfr3* mutants in the growth plate present severe dwarfism with decreased chondrocyte proliferation, disorganized chondrocyte columns, and narrowed hypertrophic zone ([@B77], [@B92], [@B108][@B109][@B110]). Conversely, *Fgfr3* knockout mice have been shown to display long bone elongation that correlates with increased chondrocyte proliferation and an elongated growth plate hypertrophic zone ([@B111], [@B112]). Taken together, these results indicate that FGFR3 signaling negatively regulates bone growth by decreasing chondrocyte proliferation, accelerating the onset of hypertrophic differentiation, and decreasing the height of the hypertrophic zone in the postnatal growth plate.

Luciferase reporter assays, ChIP sequencing, and ChIP and electromobility band shift experiments together provided evidence that *FGFR3* represents a direct target of SHOX. In agreement with this, several SHOX consensus sites were identified within the *FGFR3* promoter region. Using limb bud-derived chicken micromass cultures as a model, Decker et al ([@B28]) demonstrated, by quantitative real-time-PCR and in situ hybridization, that retrovirus-mediated SHOX gene transfer down-regulates *FGFR3* expression. The fact that SHOX represses FGFR3 promoter activity may explain the almost mutually exclusive expression patterns of *Fgfr3* and *Shox* in embryonic chicken limbs.

Further involvement of SHOX in bone development was supported by the discovery that SHOX interacts with the SOX trio (SOX9, SOX5, and SOX6) transcription factors ([@B113]). SOX9, together with SOX5 and SOX6, is a master regulator of chondrocyte differentiation. *SOX9* is expressed in resting, proliferative, and prehypertrophic chondrocytes, but not in hypertrophic chondrocytes ([@B114]). In the proliferative zone, Sox9 regulates the transcription of multiple genes, including the activation of *Col2a1* and aggrecan (*ACAN*) and the repression of *Col10a1* and *Runx2*, thereby sustaining chondrocyte survival and preventing chondrocyte hypertrophy. In prehypertrophic chondrocytes, instead, Sox9 is responsible for the activation of *Col10a1*, thereby initiating the onset of hypertrophy ([@B82]). Mutations of *SOX9* have been associated with campomelic dysplasia, a severe skeletal dysplasia characterized by congenital bowing and angulation of long bones and other skeletal and extraskeletal defects ([@B115]).

By interacting with the SOX trio, SHOX regulates the expression of *ACAN*, which encodes aggregan, a major component of the cartilage extracellular matrix. *ACAN* plays an important role in normal growth plate function, as exemplified by the fact that homozygous mutations in *ACAN* are responsible of a severe skeletal dysplasia, spondyloepimetaphyseal dysplasia aggrecan type ([@B116]), whereas heterozygous mutations cause a milder skeletal dysplasia, spondyloepimetaphyseal dysplasia, Kimberley type, or short stature without evident radiographic signs of dysplasia ([@B117]).

SHOX was shown to bind SOX6 through its homeodomain. Different SHOX missense mutations, which had been described in individuals with LWD or ISS, failed to interact with the SOX trio. Immunohistochemistry of human fetal growth plates demonstrated that SHOX is coexpressed with SOX5, SOX6, and SOX9 ([@B113]). More recently, SHOX2 has been shown to dimerize with SHOX and, similarly to SHOX, to activate expression of *NPBB* and *ACAN* ([@B118]). Because SHOX and SHOX2 are homologous (80%) proteins that share the same homeodomain, the two proteins may cooperate, by forming heterodimers, in modulating expression of a similar subset of genes in limb development (eg, *NPBB*) and in other tissues and organs.

More recently, transgenic mice, in which *SHOX* expression was under the control of a murine Col2a1 promoter and enhancer region resulting in SHOX expression in chondrocytes, were used to study SHOX cellular activities ([@B119]). No major skeletal anomalies were seen in these transgenic mice; however, statistically significant up-regulation of several cartilage and bone markers during embryonic phase E12.5 to E14.5 was observed by gene expression profiling in transgenic vs wild-type limb RNA. Up-regulated genes included *connective tissue growth factor (Ctgf), periostin, asporin, EGF-containing fibulin-like extracellular matrix protein 1,* and *matrilin 4*, all genes known to be involved in limb development, extracellular matrix, or skeletal pathways. To confirm these results, U2OS and normal human dermal fibroblast cell lines were used that expressed either the wild-type or the transcriptionally defective Y141D mutant SHOX. Wild-type SHOX, but not the Y141D mutant, significantly up-regulated the *Ctgf/CTGF* target gene.

Further evidence for *Ctgf* as a direct target of SHOX was derived from ChIP sequencing data using chicken micromass cultures in which SHOX was introduced retrovirally. With this approach, several SHOX-binding sites in the *Ctgf* upstream region were identified. Accordingly, in silico analysis showed that the human *CTGF* 5′-regulatory region contains more than 40 potential consensus sequences for SHOX. Luciferase gene reporter and electromobility shift assays demonstrated that SHOX specifically binds to these sequences. Finally, SHOX and CTGF coexpression was detected in the hypertrophic zone of the growth plate. Together, these results strongly suggest that SHOX regulates *CTGF* expression in the developing limbs ([@B119]).

D. Upstream regulators
----------------------

Clustered genes from the Hox family of transcription factors (Hox A/D 9--13) have been shown to perform pivotal roles during limb development and axial skeletal patterning ([@B120], [@B121]). For instance, ablation of *Hox9* and *Hox10* gene clusters in mice leads to shortened stylopodal elements (humerus and femur) ([@B122], [@B123]), and loss of *Hox11* results in truncated zeugopodial elements (radius/ulna and fibula/tibia) ([@B124]), whereas deletion of *Hox13* leads to reduced formation of the autopod (metacarpals/metatarses) ([@B125]).

HOXA9 has been identified as the first upstream regulator of SHOX expression ([@B126]). By use of luciferase assays, ChIP, and electromobility shift assay, a HOXA9 binding site, consisting of two 31 nucleotide-long AT-rich sequences, was identified within the SHOX promoter 2. Virus-induced Hoxa9 overexpression in a chicken micromass model was associated with down-regulation of *Shox*. Because *Hoxa9* and *Shox* were expressed in the same regions of developing limb buds, a regulatory relationship has been proposed between *Hoxa9* and *Shox* during limb development ([@B126]).

Further evidence of interactions between the *Hox* and *SHOX* families derived from elegant studies in mice in which the effects of *Shox2* dosage variations were examined in the context of different HoxA/D cluster deletion background ([@B38]). *Shox2* was found to be coexpressed in the proximal limb with *Hoxd9* and *Hoxa11* during embryonic limb development. *Shox2* overexpression could partly compensate for *Hox* gene loss. It was shown that both *Shox2* and *Hox* genes functionally interact in regulating cartilage maturation by modulating the expression levels of *Runx2* in the stylopodal and zeugopodal elements of vertebrate limbs ([@B38]). Shox2^c/−^ animals do not display changes in the expression levels of *Hox* genes, indicating that Shox2 does not regulate *Hox* gene transcription ([@B34], [@B38], [@B127]). Conversely, *Hox11* genes seem to be required for *Shox2* expression in the proliferating chondrocytes of the zeugopodal elements ([@B38], [@B128]), although this observation is still under debate ([@B38]). Interestingly, *Hox* genes regulate *Shox2* expression in the perichondrium because their deletion results in the complete loss of Shox2 in this structure ([@B38]). Together, these results provide the first evidence of a mutual interaction between *SHOX* and *HOX* genes.

In chicken embryos, *Shox* is expressed in the medial, proximal portion of limb buds and promotes chondrogenesis. Graft experiments with soaked beads in chicken embryos indicated that *Shox* expression is negatively regulated by Bmp4, Fgf4, and Fgf8 distally and RA proximally ([@B27]). How these signaling pathways contribute to the regulation of SHOX expression during chondrogenesis remains to be elucidated. SHOX overexpression in chicken has had no detectable effect on the proximal-distal pattern of skeletal elements, but it increases the length of the skeletal elements, and occasionally the timing of ossification is altered.

E. Possible roles of SHOX in bone development
---------------------------------------------

### 1. SHOX as a regulator of chondrocyte hypertrophy

As will be discussed in section V, SHOX deficiency is implicated in short stature syndromes characterized by skeletal defects as well as in nonsyndromic ISS. SHOX expression in the growth plate implies a role of SHOX in this structure. However, the exact role of SHOX in the growth plate is only beginning to be elucidated. The results described above in osteosarcoma cell lines and primary cultures indicate that ectopic expression of *SHOX* induces cell cycle arrest and apoptosis, suggesting that the protein may also control proliferation of chondrocytes in the growth plate and promote their maturation. Multiple signaling pathways have been described to control chondrocyte maturation in the growth plate ([@B4], [@B72], [@B73], [@B77], [@B82]). In this section, based on the results described above and current knowledge of endochondral ossification, we propose a model of SHOX involvement in some of the signaling pathways that control proliferation and maturation of growth plate chondrocytes during bone elongation (see also [Table 1](#T1){ref-type="table"} and [Figure 3](#F3){ref-type="fig"}B for cellular factors interconnected with SHOX).

### 2. Influence of SHOX on FGFR3 signaling

*FGFR3* is a negative regulator of chondrocyte proliferation and differentiation ([@B92]). In the growth plate, FGFR3 is expressed in proliferating chondrocytes but is down-regulated in the hypertrophic zone---a pattern complementary to that of SHOX and supporting the concept that SHOX represses *FGFR3* transcription ([Figure 4](#F4){ref-type="fig"}A). A number of pathways have been found to act downstream of FGFR3 activation ([@B92], [@B129]), including, but not limited to, the Janus kinase-signal transducer and activator of transcription (JAK-STAT) and MAPK pathways, which inhibit chondrocyte proliferation and differentiation ([@B4], [@B92], [@B130]). SHOX, by repressing FGFR3 transcription, may therefore impact on these pathways; eg, SHOX-mediated *FGFR3* down-regulation may result in inactivation of the JAK-STAT and MAPK pathways, allowing normal chondrocyte proliferation and maturation ([Figure 4](#F4){ref-type="fig"}B). Clarification on how SHOX-mediated down-regulation of *FGFR3* influences FGFR3 signaling and other regulative pathways involved in bone formation is an important area for future research.

![SHOX as a regulator of endochondral ossification. A, Expression pattern of cellular factors involved in growth plate regulation interacting with SHOX. A schematic representation of the mouse long bone growth plate at E15.5-E16.5 is displayed. The growth plate is subdivided into different zones that contain chondrocytes at different stages of maturation. Chondrocytes at the end of their differentiation process undergo cell death and are replaced by bone. The expression pattern of FGFR3, BNP, NPR2, NPR3, and RUNX2 is illustrated according to Kozhemyakina et al ([@B82]). SHOX is not expressed in mice, but the mouse genome contains the closely related SHOX2 gene. Here we speculate that SHOX2 and BNP in mouse growth plate have similar expression patterns to those found for SHOX and BNP in human growth plate specimens ([@B98], [@B103]). Expression patterns of SHOX/Shox2 target genes are depicted in green (up-regulated) or in red (down-regulated). B, Tentative model illustrating the involvement of SHOX in pathways regulating chondrocyte proliferation and maturation in the growth plate. SHOX-mediated down-regulation of FGFR3 may repress FGFR3 signaling, whereas up-regulation of the *NPPB* gene may stimulate the CNP/NPR2 pathway. This results in the repression of JAK-STAT and MAPK signaling pathways, which negatively regulate chondrocyte proliferation and maturation, respectively. Note that FGFR3 and CNP/NPR2 signaling pathways converge in the regulation of the levels of activated MAPK, which blocks the initiation of chondrocyte hypertrophy (FGFR3 signaling being an activator and CNP/NPR2 signaling being an inhibitor of the MAPK pathway). It has been shown that through the repression of BMP4 signaling, SHOX2 may regulate the levels of RUNX2, a master regulator of chondrocyte hypertrophy. Although a similar role of SHOX in activating RUNX2 remains to be demonstrated, this is hypothesized in the model, given the high homology and functional redundancy between the two homeodomain proteins. Depicted in green are pathways promoting chondrocyte hypertrophy, whereas in red are those having a negative impact. Plus and minus signs indicate the possible effects in response to SHOX/SHOX2 expression.](zef0041629290004){#F4}

As discussed above, *Fgfr3* and *Shox* have almost mutually exclusive expression patterns in embryonic chicken limbs ([@B28]). These results provide an intriguing hypothesis for the rhizomelic short stature seen in *FGFR3*-mutated achondroplasia patients and its potential interrelationship with SHOX. The presence of SHOX in the mesomelic bone segments, by blocking *FGFR3* mutant expression, may allow normal development of these bones, whereas the lack of SHOX in the rhizomelic portion, by allowing *FGFR3* mutant expression, may account for the rhizomelic phenotype ([@B28]).

### 3. Influence of SHOX on CNP/Npr2 signaling

In addition to *FGFR3*, the activity of SHOX may be mediated, at least in part, by its cellular target gene natriuretic peptide B (*NPPB*). *NPPB* encodes BNP, a member of the natriuretic peptide family that also includes the related atrial natriuretic peptide (ANP) and CNP. Three receptors mediate the activity of these peptides: natriuretic peptide receptor (NPR) 1, NPR2, and NPR3 (also called guanylyl cyclase A, B, and C, respectively). NPR1 recognizes ANP and BNP, whereas NPR2 is specific for CNP. NPR3 is a decoy/clearance receptor that regulates the levels of natriuretic peptides available for interaction with NPR1 and NPR2. ANP and BNP, which function as cardiac hormones, are produced primarily by the atrium and ventricle of the heart, respectively ([@B131]). Together with their receptor NPR1, ANP and BNP are involved mainly in cardiovascular homeostasis by regulating blood pressure and body fluid volume. They are used as serum markers of disease severity in heart failure, myocardial infarction, cardiac hypertrophy, and hypertension ([@B131][@B132][@B133]). Importantly, ANP and BNP are used clinically in the treatment of heart failure ([@B132]).

CNP is produced mainly in the brain, where it is thought to act as a neuropeptide. However, studies in genetically engineered mice indicate that CNP and its receptor Npr2 are also expressed in growth plate, where they are implicated primarily in regulating endochondral bone growth ([@B82]) ([Figure 4](#F4){ref-type="fig"}A). CNP-deficient mice exhibit severe dwarfism, with a 50--80% reduction in the length of endochondral bones such as the femur, tibia, and vertebrae. Histological studies in these mice show decreased growth plate width due to smaller proliferative and hypertrophic zones ([@B93]). A similar phenotype was observed in *Npr2* (CNP receptor)-deficient mice ([@B134]). Conversely, CNP transgenic mice and *Npr3* (clearance receptor)-deficient mice exhibit prominent bone elongation with extended growth plate proliferative and hypertrophic zones ([@B135]). In humans, loss-of-function mutations in the *NPR2* gene cause acromesomelic dysplasia type Maroteaux, characterized by severe dwarfism ([@B136], [@B137]). By contrast, an *NPR2* gain-of-function mutation has been identified in three individuals with skeletal overgrowth ([@B138], [@B139]). Thus, the CNP/NPR2 signaling pathway regulates bone growth in both humans and mice. CNP increases chondrocyte hypertrophy by opposing FGF signaling via MAPK pathway repression ([@B82], [@B108], [@B140], [@B141]). Consistent with the above findings, targeted expression of CNP in the growth plate---or systemic administration of synthetic CNP-22---ameliorated both the skeletal defects and the growth deficit in a mouse model of achondroplasia ([@B135]), thus providing preclinical proof-of-concept that CNP may be useful for the treatment of achondroplasia in humans.

The role of BNP in endochondral bone ossification is less well-defined than that of CNP. Despite marked skeletal overgrowth in BNP transgenic mice ([@B142]), resembling the phenotype of CNP transgenic mice, BNP knockout animals do not exhibit skeletal or growth abnormalities but instead exhibit only cardiovascular defects ([@B143]). Therefore, the overgrowth phenotype in BNP transgenic mice has been proposed to represent unphysiologically high levels of BNP that either cross-reacted with NPR2 or saturated the NPR3 clearance receptor, causing reduced clearance of CNP. The resulting increased concentration of growth plate CNP could augment endochondral bone growth, thereby accounting for the overgrowth phenotype in BNP transgenic animals.

However, the discovery that BNP is a cellular target of SHOX and that the two proteins are coexpressed in the growth plate hypertrophic zone ([@B103]) argues for an important but as yet uncharacterized physiological role for BNP in growth plate regulation, for example, by offsetting FGF signaling. Recently, *NPR2* mutations have been associated with disproportionate short stature (similar to LWD but without Madelung deformity) in patients in whom no mutations were detected in *SHOX* or its enhancer regions ([@B144][@B145][@B146]). Conceivably, SHOX-mediated BNP expression may increase CNP/*NPR2* signaling, perhaps by competing with CNP for the NPR3 clearance receptor and thereby increasing CNP half-life and its stimulatory effect upon the growth plate ([Figure 4](#F4){ref-type="fig"}B). Further studies are required to shed light on such a potential physiological role of BNP in bone elongation.

Because of the role of BNP in body fluid and blood pressure homeostasis, the common occurrence of hypertension and varied cardiovascular and renal anomalies in SHOX-deficient girls with TS is noteworthy ([@B147]). Hypothetically, these defects may be due to reduced circulating BNP levels as a consequence of SHOX deficiency.

### 4. Influence of SHOX on Bmp4 signaling and RUNX activity

In addition to the above pathways, SHOX may act in concert with RUNX2 and RUNX3 to trigger chondrocyte hypertrophy. As described above, a *SHOX* ortholog does not exist in mice, but the mouse genome does contain the *SHOX*-related gene *Shox2*, which also plays a central role in skeletal development.

Specifically, conditional deletion of the *Shox2* gene in embryonic limb mesenchyme (*Prx1--Cre--Shox2*, in which *Shox2* deletion was dependent on activation of the limb-specific *Prx1* promoter) produced animals displaying severely shortened limbs due to the nearly complete absence of humerus and femur ([@B34]). A significant delay in chondrocyte maturation---due to a down-regulation of *Runx2* ([@B34]) or up-regulation of *Bmp4* ([@B127])---underlies the observed phenotype. Because BMP4 functions as a repressor of *Runx2* gene expression, it was proposed that Shox2 regulates *Runx2* expression via Bmp4 ([@B127]) ([Figure 4](#F4){ref-type="fig"}B).

*Col2a1--Cre*-driven conditional *Shox2* deletion in chondrocytes also causes significant shortening of humerus and femur ([@B39]). However, this rhizomelia is caused by precocious hypertrophic differentiation of stylopodial chondrocytes rather than the delayed maturation observed in *Prx1--Cre--Shox2* animals. This apparent inconsistency may have its explanation in the higher levels of Bmp4 found in *Col2a1--Cre--Shox2* chondrocytes than in *Prx1--Cre--Shox2* chondrocytes ([@B39]). If expressed at very high levels, Bmp4 would trigger accelerated chondrocyte hypertrophy, whereas at lower levels it would be sufficient only to promote early chondrogenesis. Together, these results suggest that *Shox2* may act as a regulator of chondrogenesis in mouse limb development by repressing the expression of *Bmp4* ([@B39]). Supportive of this hypothesis is the discovery that decreased *Shox2* expression correlates with a concomitant increase in *Bmp4* expression during normal mouse endochondral ossification in two different phases: first, during the initial differentiation of the stylopodial cartilage anlage; and second, during final chondrocyte maturation and hypertrophy ([@B39]).

Interestingly, experiments in mice demonstrated partial functional redundancy between human *SHOX* and mouse *Shox2* genes because SHOX can rescue both defective sinoatrial node formation (by restabilizing normal pacemaking function) and forelimb stylopodial shortening ([@B26]). Furthermore, by sharing the same homeodomain, SHOX and SHOX2 may regulate the same subset of genes ([@B118]). The fact that *Shox2* conditional knockout animals have severe shortening of the stylopods (humerus and femur), whereas individuals with SHOX deficiency have defects primarily in zeugopods (radius and ulna in the forelimb, and tibia and fibula in the hindlimb), suggests that *hSHOX* and *hSHOX2* may have similar roles in limb development but in different proximodistal segments. This hypothesis is consistent with in situ hybridization studies showing that the two genes exhibit a distinct, partially overlapping expression pattern in human embryos ([@B25]).

### 5. SHOX as regulator of the terminal phase of chondrocyte hypertrophy

At the end of their differentiation, hypertrophic chondrocytes undergo cell death and are replaced by bone cells. The intracellular signaling pathway(s) that governs cell death in growth plate chondrocytes remains largely unknown.

The chondrocyte cell death process itself presents a unique combination of both apoptotic and nonapoptotic morphological changes. Roach et al ([@B148]) proposed the term chondroptosis to highlight the unique features of this nonclassical apoptosis. Initially, the process involves enlargement of endoplasmic reticulum and Golgi apparatus---reflecting an increase in protein synthesis---followed by digestion of cellular material within autophagic vacuoles and chondrocyte self-destruction. These authors have proposed that lysosomal proteases are at least as important as caspases in chondroptosis ([@B148]).

Four major components characterize the SHOX-induced cell death mechanism in the U2OS osteosarcoma cell line: 1) initial oxidative stress with intracellular accumulation of ROS and RNS; 2) an increase in the number of acidic lysosome vesicles and a strong up-regulation of cathepsin B expression; 3) lysosomal membrane permeabilization with relocation of activated lysosomal cathepsin B into the cytoplasm, where it participates in cell death via MOMP and caspase activation; and 4) substantial release of cathepsin B outside the cells.

Accumulating evidence indicates important roles of ROS, RNS, and cathepsin B in the growth plate. For instance, increased ROS levels in hypertrophic chondrocytes inhibit proliferation and promote hypertrophic differentiation ([@B149]) ([Figure 4](#F4){ref-type="fig"}A). Nitric oxide production and elevated extracellular inorganic phosphate levels are also known to be involved in chondrocyte hypertrophy ([@B150][@B151][@B152]). Cathepsin B is highly expressed in the growth plate ([@B153], [@B154]), where it is hypothesized to participate in degradation of extracellular matrix components ([@B155], [@B156]). Notably, although U2OS cells do not replicate the complex physiological and cellular interactions of the growth plate, SHOX is able to induce a cell death process in U2OS cells that is reminiscent of that seen physiologically in the growth plate. These findings should propel further investigations to understand how closely SHOX-induced cell death in U2OS cells reflects SHOX-induced events in growth plate chondrocytes. For example, characterization of the ability of SHOX to trigger oxidative stress and up-regulation of cathepsin B in growth plate may provide new insights into the cell death process that occurs during endochondral ossification.

In conclusion, the observations described above suggest that SHOX is one of several critical factors regulating chondrocyte hypertrophy. SHOX positively regulates chondrocyte differentiation through down-regulation of *FGFR3* and up-regulation of *NPPB*, thereby inhibiting FGFR3 signaling and activating CNP/NPR2 signaling, respectively. Furthermore, as suggested by experiments in mouse, SHOX/SHOX2 may also affect chondrocyte maturation by activating RUNX2 through down-regulation of BMP4 signaling. Finally, based upon in vitro data in osteosarcoma cell lines, SHOX may activate the chondrocyte cell death pathway through increased ROS production ([Figure 4](#F4){ref-type="fig"}B).

### 6. SHOX functions in pattern formation

In human patients with SHOX deficiency, mainly forearms and lower legs are affected, suggesting that SHOX is expressed in some but not all growth plates. Experiments in chicken limb buds indicate that Bmps, Fgfs, and RA signaling are involved in restricting the spatiotemporal expression of *shox* to the proximal-medial region of the early limb bud; RA inhibits *Shox* expression proximally, whereas Bmp and Fgf signal distally. However, it remains to be elucidated whether mechanisms similar to those in chick embryo govern *SHOX* expression during human embryogenesis. Furthermore, in addition to the previously described mechanisms regulating *SHOX* gene expression ([Figure 2](#F2){ref-type="fig"}), some evidence indicates that *HOX* genes may play a role in determining SHOX expression pattern ([@B38], [@B126]) .

SHOX functions during embryogenesis may differ from those exerted by the protein in postnatal growth plate. This is suggested by the fact that some of the effects of SHOX deficiency in humans manifest only in middle to late childhood.

V. Clinical Implications of SHOX Deficiency
===========================================

After identification of the *SHOX* gene as a cause of short stature ([@B19]), SHOX mutation screening studies linked mutations or deletions in one copy of the SHOX gene (as well as in its extragenic enhancer regulatory regions) with the short stature phenotype and the skeletal deformities found in patients with LWD ([@B54], [@B157]). Homozygous loss of the *SHOX* gene was shown to cause Langer dysplasia (LD) ([@B66], [@B158], [@B159]), a rare syndrome characterized by more severe growth retardation and some skeletal abnormalities. SHOX overdose in contrast usually leads to long limbs and tall stature ([@B160]).

With a combination of multiplex ligation-dependent probe amplification (MLPA) analysis and sequencing, SHOX defects have been found in approximately 10% of children with previously unexplainable short stature in the absence of other symptoms (ISS; [Table 2](#T2){ref-type="table"}). This makes SHOX deficiency the most frequent monogenic cause of short stature, with an incidence of up to 1:300 in the total population. In adults with SHOX deficiency, the proportion of LWD vs short stature without features of LWD is not well defined. Approximately 80% of detected *SHOX* mutations are deletions of different size encompassing the entire gene or its extragenic enhancer regions ([@B161], [@B162]). Microdeletions encompassing only single or multiple exons are rare and occur in approximately 5% of cases (data compiled from 134 individuals) ([@B65], [@B162], [@B163]). Missense or nonsense mutations are also found randomly, distributed throughout the gene but with a higher frequency in exons 3 and 4, which encompass the homeobox region encoding the DNA-binding homeodomain ([@B164]) ([Figure 5](#F5){ref-type="fig"}). Duplications of the *SHOX* gene have also been reported in patients with short stature ([@B11], [@B165][@B166][@B169]). These duplications seem to reduce *SHOX* gene expression by disrupting gene organization, particularly the proper distance between the promoter and the enhancer regions. Microduplications at the SHOX locus have also recently been suggested as low penetrance risk factors for autism spectrum disorder, and the SHOX isoforms 7--1, 7--2, and 7--3 ([Figure 1](#F1){ref-type="fig"}) ([@B21]) with a restricted expression in embryonic and fetal brain have been suggested to play a role in this ([@B170]). As of May 2016, 229 unique DNA sequence variants of SHOX have been identified in short stature patients. An updated and complete list of these allelic variants of *SHOX* can be found in the SHOX database at <http://www.shox.uni-hd.de> ([@B171]).

###### 

SHOX Gene Mutations in Idiopathic Short Stature

  First Author, Year (Ref.)          Nationality         Methodology                SHOX Defect                  
  ---------------------------------- ------------------- -------------------------- ------------- -------------- ------
  Rao, 1997 ([@B19])                 German              SSCP                       0/91          1/91           1.1
  Binder, 2000 ([@B205])             German              MS (2)                     3/68          Not analyzed   2.1
  Rappold, 2002 ([@B58])             German/Japanese     SSCP + FISH                3/150         3/750          2.4
  Binder, 2003 ([@B184])             German              MS (2)                     3--11/140     Not analyzed   2.5
  Stuppia, 2003 ([@B209])            Italian             S + FISH                   3/56          4/46           12.5
  Huber, 2006 ([@B174])              French              S + MS\* (20) + SNP (49)   8/84          4/84           14.3
  Rappold, 2007 ([@B180])            Different nations   SSCP + MS (3) + (FISH)     22/1534       8/1553         2.2
  Jorge, 2007 ([@B179])              Brazilian           S + MS + FISH              0/63          2/36           3.2
  Funari, 2010 ([@B211])             Brazilian           MLPA + FISH                4/36          Not analyzed   11.1
  Benito-Sanz, 2012 ([@B50])         Spanish             MLPA (only for 47 kb)      11/576        Not analyzed   1.9
  Hirschfeldova, 2012 ([@B207])      Czech               MLPA                       4/51          2/51           11.7
  Rosilio, 2012 ([@B186])            French              MLPA + S                   49/290        Not analyzed   16.9
  Sandoval, 2014 ([@B166])           Colombian           MLPA                       5/62          Not analyzed   8.1
  van Duyvenvoorde, 2014 ([@B167])   Dutch               CNV                        4/149         Not analyzed   2.7
  Poggi, 2015 ([@B210])              Chilean             MLPA + S                   4/18          0/18           22.2

Abbreviations: CNV, copy number variation (SNP arrays); FISH, fluorescence in situ hybridization (detects deletions \>20 kb using cosmid probes); MS\*, study of many microsatellite markers (can give good indication of whether a deletion exists or not, but requires parental DNA); MS, study of only a few microsatellite markers (can give indication of whether a deletion exists or not, but requires parental DNA); S, sequencing; SNP, single nucleotide polymorphism analysis (can detect deletions including enhancer deletions; parental DNA is needed); SSCP, single-strand conformation polymorphism (detects 70% of all intragenic mutations). Several of these technologies are no longer in use, eg, SSCP, SNP, MS.

![Summary of 230 exonic SHOX mutations. Data were extracted by the SHOX database ([www.shox.uni-hd.de](http://www.shox.uni-hd.de)). Exon 2 encloses part of the 5′-UTR, and exons 6a and 6b enclose part of the 3′-UTR; exon 1 only encloses 5′ untranslated sequences and is usually not screened in a diagnostic analysis. The homeobox resides in exon 3 and exon 4. The most frequent recurrent mutations are pArg147 in exon 3 (seven times) and pArg195 in exon 5 (10 times). Stops occurring in exons 2 to 6a are frameshift mutations. No stops were identified in exon 6b. Blue indicates unique mutations, and red indicates total mutations in the respective exon/region. Ex, exon; HB, homeobox region.](zef0041629290005){#F5}

SHOX mutations cause short stature with a high phenotypic heterogeneity ([@B161], [@B172]). However, no correlation between the severity of the phenotype and the underlying SHOX mutation has been found so far. Identical SHOX mutations can produce either LWD or ISS, probably depending on the genetic background of the individual ([@B173]). In some families, individuals carrying the same mutation can even be asymptomatic with normal height ([@B174]) (W. Blum, personal communication). The size of a deletion is also not related to severity of the clinical phenotype; however, if large deletions extend beyond the pseudoautosomal region, a contiguous gene syndrome can result in males, with variable combinations of short stature, chondrodysplasia punctata, intellectual disability, ichthyosis, Kallman syndrome, and ocular albinism ([@B175]).

Haploinsufficiency implies that one allele of a gene is mutated, whereas the other functional allele, while intact, does not produce enough of the protein to bring about a wild-type condition, leading to an abnormal or diseased state. According to this concept, *SHOX* gene function is dosage-dependent. In patients with one mutated copy of *SHOX*, there could be variations in the expression levels of the other remaining functional *SHOX* allele that would lead to different degrees of SHOX deficiency and thus result in a more or less severe clinical phenotype. Alternatively, variants in other growth-regulating genes may affect *SHOX* gene functions, either as direct or indirect regulators of *SHOX* or by exerting additive effects. Below we provide a brief overview of SHOX-related disorders.

A. Léri-Weill dyschondrosteosis
-------------------------------

Léri-Weill dyschondrosteosis (MIM: 127300), also called Léri-Weill syndrome, was first described by André Léri and Jean Weill and is characterized by mesomelic short stature and Madelung deformity ([@B176]). Mesomelic short stature is a type of disproportionate short stature, due to symmetric shortening of the forearms and lower legs. Madelung deformity of the wrist and forearm denotes a bilateral shortening and bowing of the radius, distal dislocation of the ulna, and wedged carpal bones ([@B177]) ([Figure 6](#F6){ref-type="fig"}A). The primary lesion of Madelung deformity appears to be a premature fusion of the distal radial epiphysis, which possibly results in an aberrant cell death process in the growth plate. This skeletal anomaly is sometimes associated with pain and often with a limited wrist movement. Different operative procedures have been attempted to decrease pain and restore the wrist function. Short stature in LWD is variable; the height of affected adults ranges from 135 cm to normal height. The reason for this variability is not known.

![Skeletal defects associated with SHOX deficiency. A, Madelung deformity in a patient with LWD. The 19-year-old female with a 46,XX karyotype harbors a paternally inherited heterozygous microdeletion involving the SHOX coding region and the 3′ enhancer region. She shows severe short stature (−3.7 SD) and full pubertal development with regular menses. B, Hypoplasia of the ulna and fibula and severe shortening of the radius and tibia in an individual with Langer mesomelic dysplasia. The 19-month-old girl has a 45,X\[191\]/46,X,r(X)(p22.3q24)\[[@B9]\] karyotype. The ring X chromosome missing SHOX is formed as a de novo event in the X chromosome of paternal origin, whereas the structurally normal X chromosome harboring a microdeletion involving the SHOX enhancer(s) at the 3′ region is derived from the mother with subtle but SHOX-haploinsufficiency compatible skeletal features. The upper, middle, and lower images represent the roentgenograms of the right arm, the left arm, and the lower legs, respectively. C, Short metacarpal in a patient with TS (lower panel) compared to normal metacarpal (upper panel). Shown in the upper panel is an apparently normal hand roentgenogram of a 14-year and 7-month-old female with 45,X\[15\]/46,X,idic(X)(p11.2)\[[@B15]\] TS. She has been placed on GH treatment since 8 years and 9 months of age and on sex steroid supplementation therapy since 13 years and 8 months of age. Shown in the lower panel is the hand roentgenogram of a 13-year-old female with 45,X TS, showing a short fourth metacarpal associated with premature fusion of the growth plate. D, Radial bowing with decreased carpal angle. Forearm roentgenograms in an 11-year and 6-month-old girl (proband) with apparent ISS and her parents. The proband has a 46,XX karyotype and a paternally derived microdeletion affecting the SHOX 3′ enhancer region. She exhibits mild mesomelic short stature (−2.3 SD) and Tanner 3 breast development. Radial bowing, epiphyseal hypoplasia of the medial side of the distal radius, and decreased carpal angle are observed. The father with the same microdeletion shows mildly decreased carpal angle as the sole recognizable abnormality. His height remains within the normal range (−1.9 SD). This indicates that SHOX haploinsufficiency can permit an apparently normal phenotype as well as an ISS phenotype. The mother is free from discernible genetic and clinical abnormality.](zef0041629290006){#F6}

SHOX deficiency has been described as the cause of LWD ([@B54], [@B157]); SHOX mutations have been found in approximately 70--90% of patients with LWD, suggesting that either unknown genes or unknown regulatory mechanisms may contribute to this disorder ([@B54], [@B55], [@B65], [@B67], [@B157], [@B173], [@B174], [@B178][@B179][@B182]).

Approximately 80% of patients have complete or partial gene or enhancer deletions, with the remaining 20% having missense mutations ([@B55][@B56][@B58], [@B64], [@B181], [@B183], [@B184]). Deletions of the enhancer elements are quite common, occurring in roughly 15- 40% of individuals with LWD (see [Table 3](#T3){ref-type="table"} and next paragraph) ([@B31], [@B65], [@B162], [@B174], [@B185], [@B186]). This represents the highest known rate of enhancer element deletions in any disease. The high frequency of crossovers within PAR1 of the sex chromosomes may explain this peculiarity ([@B187]).

###### 

SHOX Enhancer Deletions in LWD and ISS

  First Author, Year (Ref.)     No. of Patients   Nationality                Methodology                                                                Frequencies           
  ----------------------------- ----------------- -------------------------- -------------------------------------------------------------------------- ------------- ------- ---------
  Benito-Sanz, 2005 ([@B185])   80 LWD            French, Spanish, British   SNP analysis                                                               12/80         15%     LWD
                                                                             Microsatellite                                                                                   
  Benito-Sanz, 2006 ([@B65])    26 LWD            Spanish                    SNP analysis                                                               10/26         38%     LWD
                                                                             Microsatellite, MLPA                                                                             
  Huber, 2006 ([@B174])         56 LWD            French                     SNP analysis                                                               9/140         6.4%    LWD/ISS
                                84 ISS                                       Microsatellite                                                                                   
  Sabherwal, 2007 ([@B31])      122 LWD           Various                    FISH with SHOX adjacent cosmid G0411; then SNP + microsatellite analysis   4/122         3.3%    LWD
  Chen, 2009 ([@B162])          58 LWD            Various                    Microsatellite, sequencing FISH                                            29/58         50%     LWD
                                735 ISS                                                                                                                 31/735        4.2%    ISS
  Rosilio, 2012 ([@B186])       178 LWD           Mainly French              MLPA, FISH, sequencing                                                                   31%     LWD
                                290 ISS                                                                                                                               59%     ISS
                                69 DSS                                                                                                                                        
  Benito-Sanz, 2012 ([@B50])    124 LWD           Mainly Spanish             MLPA--47 kb del                                                            19/124        15.3%   LWD
                                576 ISS                                                                                                                 11/576        1.9%    ISS
  Bunyan, 2013 ([@B213])        377 LWD/ISS       English                    MLPA--47 kb del                                                            17/377        12%     LWD
                                                                                                                                                                      4.5%    LWD/ISS
  Donze, 2015 ([@B212])         233 LWD/ISS       Dutch                      MLPA, Sequencing                                                           44/233        18%     LWD/ISS

Abbreviation: DSS, disproportionate short stature.

LWD typically develops in middle to late childhood, with a 4-fold higher prevalence in females than in males, and higher estrogen levels have been proposed as a mechanism for the more severe symptoms in girls vs boys ([@B160], [@B161]). It has been suggested that gonadal estrogens exert a maturational effect on skeletal tissues that are susceptible to unbalanced premature growth plate fusion and skeletal maturation because of SHOX haploinsufficiency, facilitating the development of skeletal lesions in a female-dominant and pubertal tempo-influenced fashion.

It is still under debate whether patients with typical features of SHOX deficiency but without any apparent mutations in the *SHOX* gene have yet uncharacterized mutations in SHOX regulatory regions further apart from the gene or in another yet unknown gene involved in the etiology of LWD. Recently 173 individuals, with suspected LWD (but no Madelung deformity) without evident defects in *SHOX*, were screened for mutations in the *NPR2* gene, which encodes an important regulator of bone development. Alterations in *NPR2* affecting receptor activity were found in 3% of these patients; however, the archetypal sign of this syndrome, Madelung deformity, was not present ([@B144]). It is intriguing to think that SHOX may be indirectly affecting the activity of this receptor via up-regulation of the *NPPB* gene (encoding the BNP).

B. Langer mesomelic dysplasia
-----------------------------

Leonard Langer Jr. first described what is now termed Langer mesomelic dysplasia (LD) (MIM: 249700) ([@B188]). It is a rare disorder characterized by more extreme short stature and skeletal dysplasia than LWD, with height ranging from −5.5 to −8.9 SDS ([@B189]). Several couples in which both members are affected with LWD have had offspring with LD ([@B66], [@B190]). In particular, individuals with LD present an aplasia or marked hypoplasia of the ulna and/or fibula and severe shortening of the radius and tibia ([Figure 6](#F6){ref-type="fig"}B). Other features include hypoplasia of the mandible and micrognathia; typically Madelung deformity is not part of LD. Homozygous loss of SHOX has been shown to underlie LD ([@B66], [@B159], [@B191]).

C. Turner syndrome
------------------

TS is a genetic disease caused by complete or partial absence of one copy of the X chromosome (termed monosomy of the X chromosome; 45, X/partial monosomy of the X). Also called Ullrich-Turner syndrome, the disease was first described by Otto Ullrich and Henry Turner ([@B192], [@B193]). It affects about one in 2500 women. Almost all individuals with TS exhibit short stature (final average adult height in Caucasians, 142--147 cm), gonadal dysgenesis (dysfunctional ovaries), and resulting amenorrhea (absence of menstrual cycle) and infertility. Skeletal defects, which appear less frequently, include short fourth metacarpals ([Figure 6](#F6){ref-type="fig"}C), cubitus valgus (forearm angled away from the body), micrognathia, Madelung deformity, high-arched palate, webbed neck, broad chest, and low-set ears ([@B194][@B195][@B196]).

Women with TS may also present congenital heart defects, kidney problems, lymphedema, high blood pressure, hypothyroidism, diabetes, vision problems, hearing impairment, and autoimmune diseases ([@B147]). Finally, a specific pattern of cognitive deficits is often observed, with particular difficulties in visuospatial, mathematical, and memory areas ([@B197]). *SHOX* deficiency is thought to cause the skeletal abnormalities associated with TS ([@B25], [@B161], [@B198]). The expression of *SHOX* in the elbow and knee (and the lack thereof) may explain the cubitus valgus and the bowing and shortening of forearms and lower legs in some TS as well as LWD patients. The Madelung deformity and the shortened metacarpals seen in TS and LWD could result from a loss of *SHOX* expression in the distal ulna and radius. The prevalence of Madelung deformity remains only 7.5% in TS, and this would be explained by gonadal estrogen production usually being compromised in TS ([@B198]). A lack of *SHOX* expression in the first and second pharyngeal arches is likely to contribute to TS traits such as micrognathia, high-arched palate, and sensorineural deafness ([@B25]).

TS is also associated with low bone mineral density (BMD) in cortical rather than trabecular bones ([@B199]). In fact, the cortical (but not the trabecular) BMD of the distal forearm is significantly lower in adult TS patients compared to age-matched 46,XX females with premature ovarian insufficiency ([@B200]). This ovarian estrogen-independent selective reduction in cortical BMD would primarily be ascribed to SHOX deficiency. Indeed, altered bone geometry and microarchitecture have been found in both TS and SHOX deficiency ([@B199]). In addition, although SHOX expression is primarily identified in the growth plate and is absent from osteoblasts and osteoclasts, SHOX is known to interact with multiple factor(s) relevant for skeletogenesis, as described in this paper. Thus, it is likely that SHOX deficiency disturbs the complex molecular network and the cell-cell interactions involved in the cortical bone formation, leading to low cortical BMD.

D. Sex chromosome aneuploidies
------------------------------

Adult heights in patients with sex chromosome aneuploidies do not show a simple correlation with the SHOX gene dosage ([@B201]). Although severe short stature in patients with 45,X and mild to moderate tall stature in patients with 47,XXX or 47,XXY are grossly consistent with SHOX gene dosage ([@B15]), the adult heights in patients with four or five sex chromosomes (eg, 48,XXXX, 48,XXXY, 48,XXYY, 49,XXXXX, and 49,XXXXY) are usually not increased. In this regard, it has been reported that the distribution of the mean adult heights in apparently nonmosaic patients with sex chromosome aberrations can be explained by four factors: 1) the dosage effect of SHOX; 2) the dosage effect of the putative Y-specific growth gene GCY; 3) the sex difference in gonadal steroids; and 4) the degree of global nonspecific developmental defects including growth failure caused by chromosome imbalance ([@B202]). Of these factors, the concept of chromosome imbalance (quantitative alterations of euchromatic or noninactivated regions) is noteworthy. It has been suggested that chromosome imbalance disturbs developmental homeostasis, resulting in multiple nonspecific features common to various aneuploidies such as growth failure, developmental retardation, gonadal dysfunction, and tissue dysplasia, with the deleterious effects being more severe in deletions than in corresponding duplications ([@B203], [@B204]). Furthermore, it has been assumed that the degree of chromosome imbalance is grossly similar between loss or gain of inactivated X chromosomes harboring several noninactivated regions and that of normal Y chromosomes ([@B15], [@B202]). Thus, the marked adult height deficiency in patients with 45,X is explained by the combined effects of SHOX haploinsufficiency and severe growth disadvantage resulting from a sex chromosome deletion, and the mild to moderate adult height gain in patients with 47,XXX or 47,XXY (and 47,XYY as well) is explained by the combined effects of SHOX and/or GCY overdosage and relatively mild growth disadvantage caused by a sex chromosome duplication. In patients with four or five sex chromosomes, such a situation may drastically impair developmental homeostasis because of marked chromosome imbalance, resulting in reduced adult heights despite increased SHOX dosage and/or GCY dosage. Indeed, it is possible that the effects of excessive SHOX and/or GCY dosage cannot be fully reflected in the adult height in such situations. Although this notion remains speculative, it would provide a reasonable explanation for the intriguing findings of the adult heights in patients with sex chromosome aneuploidies.

E. Idiopathic short stature
---------------------------

Idiopathic short stature (MIM: 300582) is a heterogeneous diagnostic category in which the underlying cause of short stature has not been revealed by standard diagnostic procedures. Patients are shorter than 2 SD below the mean for age and gender (ie, below the third percentile) without presenting any apparent clinical signs of systemic, endocrine (eg, thyroid or GH deficiency), nutritional, or chromosomal abnormalities. Approximately 3% of the general population fall below the third percentile in height and are therefore considered short. Among individuals with the initial diagnosis of ISS, approximately 10% harbor SHOX mutations ([Table 2](#T2){ref-type="table"}). The results vary considerably from cohort to cohort, and the prevalence of SHOX mutations has increased with more sensitive genetic tests that can detect small deletions (eg, MLPA vs fluorescence in situ hybridization \[FISH\]) and with the examination of SHOX enhancer regions that were omitted in early SHOX mutation screening ([@B18], [@B50], [@B58], [@B161], [@B166], [@B167], [@B174], [@B179], [@B180], [@B184], [@B186], [@B205][@B206][@B207], [@B209][@B210][@B211]).

F. SHOX enhancer deletions in LWD and ISS
-----------------------------------------

Remote regulatory elements are thought to play a critical role in how genes are switched on and off during development. Among patients with LWD, LD, or ISS who have an intact *SHOX* coding sequence, some were found to carry deletions of varying size downstream of the *SHOX* gene, which suggested that cis-acting enhancer elements regulating *SHOX* transcription may have been lost in these patients ([@B185], [@B189]). Subsequent studies identified other deletions downstream of the SHOX coding sequence in individuals with LWS or ISS, and these also were hypothesized to delete or disrupt putative enhancer elements ([@B31], [@B162], [@B174], [@B186], [@B212], [@B213]) ([Table 3](#T3){ref-type="table"}).

Further insight into the existence of enhancer elements controlling *SHOX* transcription came from a study including five families with individuals suffering from LWD ([@B49]). The affected individuals did not present mutations within *SHOX*, but instead had deletions downstream of its coding region. Analysis of the 3′ end of these *SHOX* deletions revealed an overlapping region of approximately 30 kb. Comparative genomic analysis showed that this interval comprised several CNEs that could act as enhancer elements of *SHOX* transcription. Consistent with this finding, luciferase reporter assays showed that one of these CNEs---cloned at the 3′ end of the luciferase gene---enhanced the SHOX promoter activity in the U2OS osteosarcoma cell line ([@B49]).

Further studies of LWD patients with intact *SHOX* identified other deletions 100--300 kb downstream of the *SHOX* gene and, more importantly, provided the first evidence of enhancer activity in chicken limb buds ([@B31]). Similarly to the study of Fukami et al ([@B49]), comparative genomic analysis of this region revealed several putative *SHOX* long-range regulatory elements that were highly conserved in all vertebrates carrying the *SHOX* gene ([@B31]). When cloned in front of a gene reporter system consisting of a β-globin promoter driving the expression of the GFP-encoding gene, three of these CNEs increased gene expression in limb buds of chicken embryos, indicating that they may function as enhancers of *SHOX* regulation ([@B31]). These three CNEs also exhibited enhancer activity in zebrafish embryos in the pectoral fin and in other tissues including ear, brain, skin, and heart ([@B33]). Using zebrafish as a model, smaller, more deeply conserved subsequences that were still endowed with enhancer activity were delineated within these CNEs ([@B33]). Interestingly, 4C-seq interaction and H3K27ac ChIP-seq profiles have recently revealed that the cis-regulatory domain of SHOX may extend 1 Mb surrounding SHOX, suggesting that further unknown cis-regulatory elements are located up- and downstream of SHOX ([@B214][@B215][@B216]).

Comparative genomic analysis also proved instrumental for the identification of putative enhancer elements upstream of SHOX by revealing three CNEs 250 kb upstream of the SHOX gene with enhancer properties in the developing chicken limb. However, deletion screening of the SHOX upstream region in 60 LWS patients with intact SHOX coding and downstream regions did not pinpoint novel deletions encompassing these putative enhancer elements. These results suggest that deletions upstream of the SHOX gene occur at a lower rate than those affecting the downstream region, most likely due to structural genomic differences between these two regions ([@B30]). Nevertheless, one individual with ISS has been reported to have a deletion comprising two SHOX upstream enhancers, CNE-5 and CNE-3 ([@B29]), and recently upstream copy number variations were found in three of 501 patients with ISS ([@B214]). Altogether, these studies indicate that deletions up- or downstream of the *SHOX* gene may result in the loss of SHOX enhancer elements, thereby leading to SHOX deficiency due to reduced SHOX expression.

G. Treatment of SHOX deficiency
-------------------------------

Before the link between SHOX deficiency and short stature was firmly established, GH was already successfully used for the treatment of short stature in TS patients. This prompted clinical researchers to evaluate whether patients with SHOX deficiency would also benefit from GH therapy. To this end, Eli Lilly sponsored a randomized phase III clinical trial that included three treatment arms (n = 25 per arm): two groups of patients with short stature and SHOX deficiency, who were randomized to receive no treatment or treatment with GH (0.05 mg/kg/d) for 2 years; and one observational comparator group of age-matched girls with TS who were treated with the same GH regimen. The trial showed that GH was effective in children with SHOX deficiency, with 41% of patients reaching a height within the normal range within 2 years, compared to 4% of untreated children and 28% of patients with TS ([@B217]). The gain of height in SHOX-deficient children who were treated with GH was 3.5 cm during the first year and 1.9 cm in the second year ([@B217]). Based on this study, treatment with GH of SHOX deficiency has been approved by the U.S. Food and Drug Administration and the European Medicines Agency. GH treatment in patients with SHOX deficiency had no systematic effect on the skeletal anomalies in this disorder ([@B218]). Continuation of GH treatment to final height yielded, on average, height gains of more than 1.3 SDS, which corresponds to 8 to 9 cm. GH therapy was especially efficacious regarding growth rate and final outcome when it was started early in young children ([@B219]). It has also been noted that the response to GH treatment is greater in patients with SHOX enhancer deletions compared with SHOX coding deletions ([@B212]).

In addition to GH treatment, GnRH analog (GnRHa) therapy may also be recommended in patients with *SHOX* deficiency. It is expected that GnRHa therapy serves to prevent or mitigate the development of skeletal features by suppressing gonadal estrogen production. Indeed, it has been suggested and discussed that gonadal estrogens exert a maturational effect on skeletal tissues that are susceptible to unbalanced premature growth plate fusion because of *SHOX* deficiency, facilitating the development of skeletal lesions in a female-dominant and pubertal tempo-dependent fashion ([@B160], [@B198], [@B220]). This notion would explain, in terms of gonadal estrogen deficiency, why severe skeletal lesions remain rare in TS patients, despite the presence of *SHOX* deficiency.

Furthermore, the combination therapy of GH and GnRHa may be most effective in promoting statural growth in patients with *SHOX* deficiency ([@B221], [@B222]), as well as in those with other types of growth deficiencies ([@B223], [@B224]). In particular, the combination therapy would be worth attempting in girls maturing early or in individuals with early signs of premature fusion of the growth plates. However, clinical experience of combined GH and GnRHa therapy remains poor in *SHOX* deficiency, and further studies are required to have a definitive conclusion regarding the clinical effects of the combination therapy.

It would also be worth considering whether aromatase inhibitors (AIs) can be a therapeutic option for SHOX deficiency. Theoretically, because AIs hinder the conversion of androgens into estrogens ([@B225]), they could suppress estrogen-dependent skeletal lesions and the resulting growth deficiency. However, the therapy with AIs results in an accumulation of androgens and an elevation of gonadotropins ([@B226]). Thus, although clinical features of SHOX deficiency are usually more severe in affected girls than in affected boys, AIs cannot be applied to affected girls because of the risk of virilization and ovarian stimulation ([@B226]). Furthermore, although the AI therapy could be performed in a small fraction of affected boys with relatively severe phenotype, the long-term efficacy and safety of the AI therapy still remain uncertain in previous studies for boys with ISS ([@B225][@B226][@B228]). Thus, the AI therapy for SHOX deficiency is regarded as experimental and is not recommended at present.

H. Clinical indicators of SHOX deficiency
-----------------------------------------

Treatment with GH is effective for ameliorating the growth deficit and skeletal anomalies found in children with SHOX deficiency. However, among children with ISS it may be difficult before puberty to distinguish those who have constitutional delay of growth and adolescence and are destined eventually to reach normal height without intervention. Because a similar late attainment of normal height is unlikely in children with SHOX deficiency ([@B229]), it is especially important to identify those short children harboring SHOX mutations so that they can benefit from timely GH treatment.

As reported above, SHOX deficiency results in a wide spectrum of short stature phenotypes, including LWD, LD, or short stature without any typical features in ISS individuals ([Figure 6](#F6){ref-type="fig"}). Birth length is usually only mildly reduced in children with SHOX deficiency, but growth failure is already observed in early childhood ([@B161]). Despite there being little or no correlation between genotype and phenotype in individuals with SHOX deficiency, a disproportionate mesomelic short stature (shortening of the forearms and lower legs) characterizes a large fraction of this population. Mesomelic skeletal disproportion usually appears first in school-aged children and increases in frequency and severity with age ([@B181], [@B230]). Therefore, detailed anthropometric analysis of body proportion provides an important selection criterion to allow more cost-effective use of genetic testing. This analysis normally includes measurement of standing height, arm span, and sitting height and the calculation of subischial leg length as the difference between standing and sitting height. When compared to age-related reference standards, children with SHOX deficiency often exhibit a lower than expected arm span and subischial leg lengths in relation to their standing and sitting heights. Mainly based on this observation, several scoring systems have been developed to assist pediatric endocrinologists in their decision to request SHOX molecular analysis before a final diagnosis. Binder et al ([@B184]) proposed a limb:trunk ratio (leg length + arm span)/sitting height as a good predictor of SHOX deficiency. Abnormal body proportions are also the criteria for another scoring system that predicts SHOX mutations in children with ISS by considering the ratio of sitting height to standing height for age and sex ([@B179]).

Rappold et al ([@B180]) developed a more comprehensive scoring system that includes body disproportion (ratios of arm span to standing height and of sitting height to standing height) and other indices of SHOX deficiency such as body mass index, muscular hypertrophy, cubitus valgus, short forearm, bowing of forearm, and dislocation of ulna (at elbow or wrist). The score items and their weights were derived by multivariate analysis in 1608 individuals with sporadic or familiar short stature, 68 (4.2%) of whom had SHOX deficiency ([Table 4](#T4){ref-type="table"}). At a cutoff score of 7 (of a total score of 24), the positive prediction rate for identifying a *SHOX* gene point mutation or deletion was 19%. Downstream or upstream SHOX enhancers were not known at the time, and patients were therefore not tested for such deletions. Including the testing for SHOX enhancers would theoretically have increased the positive prediction value. Validation of this score in an independent large cohort of short children confirmed its usefulness ([@B186]).

###### 

Scoring System Based on Clinical Criteria

  Score Item                       Criteria            Score Points
  -------------------------------- ------------------- --------------
  Dislocation of ulna (at elbow)   Yes                 5
  Body mass index                  \>50th percentile   4
  Short forearm                    Yes                 3
  Bowing of forearm                Yes                 3
  Muscular hypertrophy             Yes                 3
  Arm span/height ratio            \<96%               2
  Sitting height/height ratio      \>55%               2
  Cubitus valgus                   Yes                 2
  Total                                                24

Scoring system for identifying patients that qualify for SHOX testing based on clinical criteria.

Scrutinizing left hand radiographs, which are a diagnostic standard in children with short stature for bone age assessment, may further reveal hints of SHOX deficiency ([@B218]). It is important to recognize metaphyseal lucency and epiphyseal hypoplasia at the medial side of the distal radius as early skeletal signs of SHOX deficiency ([Figure 7](#F7){ref-type="fig"}), as well as short fourth metacarpals and carpal sign (ie, decreased carpal angle ≤117°) ([@B208], [@B231]). In particular, metaphyseal lucency appears to be fairly specific to SHOX deficiency in childhood, although it becomes obscure with skeletal maturation. Carpal sign is also characteristic of SHOX deficiency, especially at later ages. Although these features are not invariably identified in patients with SHOX deficiency, they can be good indicators for SHOX deficiency. Thus, when such findings are observed on hand and wrist roentgenograms, forearm radiographs should be obtained to examine radial curvature and/or shortening indicative of SHOX deficiency.

![Radiological indications for SHOX deficiency. Hand roentgenograms obtained at 8 years and 2 months of age (A and B) and at 16 years of age (C) in patient 1 and those obtained at 11 years and 9 months of age (D--F) in patient 2. Patient 1 has a 46,XY karyotype and a de novo microdeletion encompassing the SHOX coding and enhancer regions. Patient 2 has a 46,XX karyotype and a paternally derived microdeletion involving the SHOX-downstream enhancer region. Both patients show metaphyseal lucency of the medial side of the distal radius (arrows), epiphyseal hypoplasia of the medial side of the distal radius (arrowheads), and decreased carpal angle.](zef0041629290007){#F7}

In addition, familial members of a proband with SHOX deficiency should be studied irrespective of clinical phenotype. Indeed, familial studies have identified SHOX deficiency in individuals, especially in males, with apparent ISS or low-normal height ([Figure 6](#F6){ref-type="fig"}D).

Selecting patients for genetic SHOX testing requires therefore a four-step procedure: 1) patient history including family history; 2) auxological/anthropometric assessments; 3) examination for dysmorphic signs including family members (eg, Madelung deformity); and 4) radiological examinations ([@B180]).

VI. Conclusions
===============

The studies summarized here have helped to elucidate the role of SHOX during bone development, the mechanisms regulating its activity, and the etiopathogenesis of SHOX deficiency phenotypes in ISS, LWD, LD, and TS. However, our understanding of the SHOX role in bone development, of SHOX-related pathways, and of mechanisms of regulating SHOX remains incomplete. Such SHOX-related studies have been hampered by the absence of orthologous *SHOX* genes in mouse and rat, impeding the establishment of rodent knockout models. Consequently, SHOX-expressing cell lines have been useful for early characterizations of SHOX and may continue to be valuable tools for the further investigation of SHOX cellular functions. However, the physiological relevance of SHOX studies in monolayer cellular systems remains questionable, given the complexity of the growth plate and the spatiotemporal expression of SHOX during the different phases of bone development. Because mouse *Shox2* and human *SHOX* are homologous genes sharing a common homeodomain, and because *Shox2* may have undertaken some of the functions of *Shox*, it is plausible that studies using mouse *Shox2* knockout models or embryonic limb bud micromass cultures will contribute to elucidation of the developmental roles of human *SHOX* and *SHOX2*. Other animal models, such as the chick embryo or zebrafish, may also be useful for deciphering the distinct cellular functions of these growth regulatory proteins. Further characterization of SHOX-related pathways is crucial not only for elucidating SHOX functions and their link to disease, but also to pave the way for novel therapeutic strategies targeted against SHOX-related disorders.
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